ABSTRACT
INTRODUCTION
The U.S. General Accounting Office (GAO) prepared three reports due to concerns about the credibility of federally funded computerized models. The first report, presented to the U.S. congress in 1976, identified the need for improved management and model development activities (U.S. GAO 1976). The second one described the modeling process and presented a very high-level approach to model evaluation (U.S. GAO 1979) . The third one, presented to the National Security Subcommittee of the House of Representatives, described improved assessment procedures for the credibility of Department of Defense simulation studies (U.S. GAO 1987). All three reports described simulation modeling problems that have emerged due to the lack of understanding the principles of simulation model validation, verification, and testing (VV&T).
Principles are important to understand the foundations of simulation model VV&T (Balci 1996) . The principles help the researchers, practitioners and managers better comprehend what model VV&T is all about. They serve to provide the underpinnings for the 45 VV&T techniques, described by Balci (1994) , that can be used throughout the life cycle of a simulation study. Understanding and applying these principles is crucially important for the success of a simulation study.
Simulation is the process of constructing a model of a system which contains a problem and conducting experiments with the model on a computer for a specific purpose of experimentation to solve the problem. Credibility of simulation results not only depends on model correctness, but also is significantly influenced by accurate formulation of the problem. Therefore, VV&T techniques must be employed throughout the life cycle of a simulation study. The VV&T is not a phase or step in the life cycle of a simulation study, but a continuous activity throughout the entire life cycle (Balci 1994 , Nance 1994 . The life cycle is composed of ten phases, ten processes, and 13 VV&T stages. Balci (1994) presents 45 VV&T techniques and describes how they can all be applied throughout the life cycle of a simulation study.
Conducting the VV&T for the first time in the life cycle when the experimental model is complete is analogous to the teacher who gives only a final examination (Hetzel 1984) . No opportunity is provided throughout the semester to notify the student that he or she has serious deficiencies. Severe problems may go undetected until it is too late to do anything but fail the student. Frequent tests and homeworks throughout the semester are intended to inform the students about their deficiencies so that they can study more to improve their knowledge as the course progresses.
The situation in the VV&T is exactly analogous. The 13 VV&T activities throughout the entire life cycle are intended to reveal any quality deficiencies that might be present as the simulation study progresses from the communication of the problem until the implementation of the simulation results. This allows us to identify and rectify quality deficiencies during the life cycle phase in which they occur.
Every organization conducting a substantial simulation study should have a department or group called Simulation Quality Assurance (SQA). The SQA group is responsible for total quality management and closely works with the simulation project managers in planning, preparing test cases, and administering some of the VV&T activities throughout the simulation study. The SQA is a managerial approach which is critically essential for the success of a simulation study. Oren (1981, 1986, 1987) The outcome of model VV&T should be considered as a degree of credibility on a scale from O to 100, where O represents absolutely incorrect and 100 represents absolutely correct. As the degree of model credibility increases, so will the model development cost. At the same time, the model utility will also increase, but most likely at a decreasing rate.
2.3
Principle 3: A simulation model is built with respect to the study objectives and its credibility is judged with respect to those objectives The objectives of a simulation study are identified in the Formulated Problem phase, and explicitly and clearly specified in the System and Objectives Definition phase of the life cycle. Accurate specification of the study objectives is crucial for the success of a simulation study.
The study objectives dictate how representative the model should be. Sometimes, 60% representation accuracy may be sufficient; sometimes, 95T0 accuracy may be required depending on the importance of the decisions that will be made based on the simulation results. Therefore, model credibility must be judged with respect to the study objectives. The adjective "sufficient" must be used in front of the terms such as model credibility, model validity, and model accuracy to indicate that the judgment is made with respect to the study objectives. It is more appropriate to say "the model is sufficiently valid" than saying "the model is valid." Here "sufficiently valid" implies that the validity is judged with respect to the study objectives and found to be sufficient.
2.4
Principle 4: Simulation model VV&T requires independence to prevent developer's bias
The model testing is meaningful when conducted in an independent manner by an unbiased person. The model developer with the most knowledge of the model maybe the least independent when it comes to testing. The developers are often biased because they fear that negative testing results may be used for their performance appraisal. Similarly, the organization which is contracted to conduct the simulation study is also often biased because negative testing results can damage the credibility of the organization and may lead to the loss of future contracts.
2.5
Principle 5 The model developers are usually the most qualified to show the creativity and insight required for successful testing since they are intimately knowledgeable about the internals of a model. However, they are usually biased when it comes to model testing and they cannot be fully utilized. Therefore, the inability to use model developers effectively for testing increases the difficulty of testing.
2.6
Principle 6: Simulation model credibility can be claimed only for the prescribed conditions for which the model is tested
The accuracy of the input-output transformation of a simulation model is affected by the characteristics of the input conditions. The transformation that works for one set of input conditions may produce absurd output when conducted under another set of input conditions.
In the simulation of a traffic intersection, for example, a stationary simulation model can be built assuming constant arrival rate of vehicles during the evening rush hour and its credibility may be judged sufficient with respect to the evening rush hour input conditions.
However, the simulation model will show invalid behavior when run under the input conditions of the same traffic intersection between 7:00 a.m. If data can be collected on both system input and output, model validation can be conducted by comparing model and system outputs obtained by running the model with the "same" input data that drives the system. Determination of the "same" is yet another validation problem within model validation.
Therefore, this is called the double validation problem. This is an important problem often overlooked. It greatly affects the accuracy of model validation.
If invalid input data models are used, we may still find the model and system outputs sufficiently matching each other and conclude incorrectly on the sufficient validity of the model. The "same" is determined by validating the input data models. We must substantiate that the input data models have sufficient accuracy in representing the system input process. Input data modeling deals with characterization of the system input data (Johnson and Mollaghasemi 1994). Simulation models are categorized into two with respect to the way they are driven: tracedriven and self-driven.
In trace-driven simulation, the Balci,
